Abstract The present study explores the utilisation of a new raw material from lignocellulose biomass, Meranti wood sawdust (MWS) for high commercial value xylooligosaccharides (XOS) production using immobilised xylanase. The xylanase was immobilised by a combination of entrapment and covalent binding techniques. The hemicellulosic xylan from MWS was extracted using a standard chlorite delignification method. The production of total and derivatives of XOS from the degradation of the hemicellulosic xylan of MWS were compared to the production from the commercial xylan from Beechwood. The utilisation of the extracted xylan from MWS yielded 0.36 mg/mL of total XOS after 60 h of hydrolysis. During the hydrolysis reaction, the immobilised xylanase released a lower degree of polymerisation (DP) of XOS, mainly X2 and X3, which were the major products of xylan degradation by xylanase enzymes. The production of XOS with a lower DP from MWS demonstrated the biotechnological potential of the MWS in the future. The XOS production retained about 70% of its initial XOS production during the second cycle. This is also the first report on the utilisation of MWS wastes in enzymatic hydrolysis using immobilised xylanase for XOS production.
of XOS such as (i) lowering cholesterol, (ii) improving bowel function, (iii) calcium absorption and lipid metabolism and (iv) reducing the risk of colon cancer by promoting the growth of beneficial intestinal bacteria like Bifidobacterium and Lactobacillus, and not being metabolised by human digestive system [1] [2] [3] . The stimulatory effect on the selective growth of intestinal bacteria makes the XOS to be classified as prebiotics [1] . Other than the pharmaceutical application of XOS, they can also be used as yield enhancer, ripening agent, growth stimulator and accelerator, and feed for pets and fishes [4] . The XOS can be produced from xylan-containing raw materials that can be found on lignocellulosic materials. The potentials of XOS not only lie on their properties as nutraceutical products but also contribute to the economic benefits by recycling the waste from lignocellulosic biomass, as well as reducing the cost associated with waste management.
The waste from lignocellulosic material such as Meranti (Shorea sp.) wood sawdust (MWS) is an alternative agricultural residue, abundant and renewable raw material that can be employed for sustainable production of XOS and other value-added products. The MWS is a lignocellulosic waste of sawmill that is available at low cost throughout the year in Malaysia [5] . To date, a wide number of raw materials from lignocellulose waste have been utilised for XOS production, including oil palm frond [6] , sugarcane bagasse [7] , corncob [8] , tobacco stalk [9] , natural grass [10] and kenaf stem [11] . However, there is no effort yet on the utilisation of the wood sawdust as a raw material for XOS production. An adequate amount of lignocellulose content, especially hemicellulose, accounts for 30.64% of MWS as reported by Rafiqul et al. [12] during xylitol production, making this waste applicable for XOS production.
The XOS can be produced from lignocellulosic biomass either by autohydrolysis, partial acid or enzymatic hydrolysis [13] . By autohydrolysis process, it caused a variety of undesirable by-product formation such as soluble lignin, monosaccharides and dehydration products [14] . Meanwhile, using acid treatment for XOS production causes the degradation of carbohydrates to by-products such as furfural and hydroxymethylfurfural (HMF), which then reduces the purity of the XOS [15] . Hence, enzymatic hydrolysis is a preferable method for XOS production since it could overcome the by-product production problems encountered with autohydrolysis and acid treatment. In enzymatic hydrolysis, xylanases are the enzyme responsible for the hydrolysis of xylan to XOS. However, this technique has its own weaknesses in terms of enzyme stability, cost and reusability [16] . To overcome this problem, the immobilisation of xylanase offers an effective approach to improve its stability and the possibility to be reused for several hydrolysis processes. Commonly, the free state of xylanase which is soluble in hydrolysis solution makes the purification of XOS difficult [17] , but with the use of immobilised xylanase (insoluble) could ease the enzyme and product separation process. Moreover, the immobilised xylanase can be easily removed from the hydrolysis mixture by filtration and be recycled in the hydrolysis process.
The huge commercial value of XOS, especially in the food industry, has necessitated the present study to determine the potentiality of producing XOS from MWS, a new raw material employing immobilised xylanase in the enzymatic hydrolysis. This is the first report of using hemicellulosic xylan from MWS as a sole substrate to produce substantial XOS. The hemicellulosic xylan from MWS was extracted to be used as a substrate in the enzymatic hydrolysis for XOS production. The aims of the present study are to evaluate the potential of MWS as an alternative lignocellulosic material for producing total XOS and its derivatives, compared to of the use of commercial xylan, employing immobilised xylanase in the hydrolysis process. Finally, the reusability of the immobilised xylanase on the production of XOS from MWS was evaluated for its continuous process in industrial applications.
Materials and Methods

Materials
The Meranti wood sawdust (MWS) was collected from Perusahaan Kayu Pahang Timur Sdn Bhd, a local sawmill in Gambang, Kuantan, Malaysia. The commercial xylanase from Thermomyces lanuginosus was supplied by Sigma-Aldrich Co. (USA). The Beechwood xylan and xylose were purchased from Sigma Chemical-Aldrich, USA. The standard xylooligosaccharides (XOS), comprised of xylobiose, xylotriose, xylotetraose and xylopentaose were obtained from Megazyme, Ireland. All the other chemicals used were of analytical grade.
Immobilisation of Xylanase
The immobilisation of xylanase was carried out by a combination of entrapment [18] and covalent binding techniques [19] with modification. In the entrapment process, the xylanase was entrapped within the sodium alginate beads. A xylanase solution with specific activity was prepared by mixing it in sodium citrate buffer (0.05 M, pH 4.8). The entrapment of the xylanase was initiated by mixing an equal amount of xylanase solution with 2% (w/v) sodium alginate solution at a ratio of 1:1. The solution was then added drop wise into 0.3 M CaCl 2 solution with continuous stirring, which led to the formation of insoluble alginate beads. The beads were left in the CaCl 2 solution for 30 min to harden. After 30 min, the beads were washed three times with buffer (sodium citrate buffer, pH 4.8, 0.05 M) to remove the unbound or loosely bound xylanase. The entrapped beads were stored at 4°C until further use.
For the covalent binding, the entrapped beads were further activated using glutaraldehyde as a cross linker to attach the xylanase on the outer surface of beads. The beads were dipped in 6% (w/w) glutaraldehyde solution in citrate buffer (0.05 M, pH 4.8). A ratio of 1:10 (w/v) was maintained between the beads and the glutaraldehyde solution. The attachment process was carried out at room temperature with an orbital stirring at 150 rpm for 3 h. The beads were filtered and washed with distilled water to remove the unattached glutaraldehyde. The formed beads were considered activated beads and stored at 4°C for further use. For the covalent binding attachment, xylanase solution was added to the activated beads at room temperature under orbital stirring (200 rpm) for 100 min. During the reaction, a ratio of 1:1 (w/v) was kept between the activated beads and xylanase solution. Finally, the beads were washed with distilled water until no enzyme activity was detected in the washing. The resulting beads were considered as a product of the combined entrapment and covalent binding immobilisation technique.
Enzyme Assays
The xylanase activity was assayed by the method described by Bailey et al. [20] . The activity of xylanase was determined by dinitrosalycyclic acid (DNS) method based on reducing sugar production, as described by Miller [21] . The mixture contained 0.1 mL of the diluted enzyme, 0.45 mL of 2% w/v of xylan substrate and 0.25 mL of sodium acetate buffer (0.05 M, pH 4.8).
The mixture was incubated for 5 min in water bath at 50°C. After the incubation, 0.75 mL of DNS reagent and 0.05 mL of NaOH (1 M) were added to stop the reaction, followed by boiling in the water bath for 15 min. The optical density (OD) at a wavelength of 575 nm was read using UV-VIS spectrophotometer (Hitachi U1800), and the amount of xylose as a reducing sugar was determined [21] . The activity of xylanase was calculated based on the determination of the amount of enzyme that released 1 μmol of xylose per minute. All the experiments were carried out in triplicates, and the average values with the standard deviation were recorded throughout the study.
Preparation of MWS
The MWS samples were thoroughly washed with water and dried before grinding and sieving to a particle size of 0.5 mm. The dried samples were stored in sealed plastic bags at room temperature until further use. The lignocellulose composition of MWS (cellulose, hemicellulose, lignin, extractives and ash) was analysed according to the National Renewable Energy Laboratory (NREL) standard [22] [23] [24] and chlorite delignification method [25] .
Preparation of Hemicellulosic Xylan Fraction from MWS
The extractives of the sample MWS were first removed using two stages of Soxhlet extraction before further been used in the xylan extraction using chlorite delignification method [25] . The extractives were removed by Soxhlet extraction according to NREL standard method [22] [23] [24] . About 6 g of the samples were reflux with 150 mL of 95% ethanol by Soxhlet extraction method for 6 h. The samples were then dried in an oven at 105°C for 24 h. The dried samples were further treated in chlorite delignification method. The lignin content of the samples was removed using sodium chlorite (NaClO 2 ) and acetic acid. A 2.5 g of sample was added to 150 mL of water and heated at 75°C. Then, 0.2 mL of acetic acid and 2 g of NaClO 2 were added in the solution. After 1 h, 0.2 mL of acetic acid and 2 g of NaClO 2 were added periodically each hour for 3 h. After that, the samples were filtered and washed with distilled water and acetone using vacuum pump. The residue (holocelluloses) was obtained after drying for 24 h at 105°C. Then, to extract the hemicellulose from holocellulose, 1 g of dry holocellulose was transferred into Erlenmeyer flask containing 25 mL of 17.5% NaOH and stirred for 40 min at 20°C before filtering with 40 mL of 10% acetic acid and 1 L of boiling water. The filtrate (hemicellulose hydrolysate) was neutralised using 5 M H 2 SO 4 . The solution was then concentrated and precipitated with 95% ethanol, resulting in a three-layer solution with precipitates at the middle. The precipitates were centrifuged at 10, 000×g for 10 min and filtered. The filtrate (hemicellulosic xylan) was oven dried to constant weight before being stored for further use.
FT-IR Analysis of Xylan
The Fourier transform infrared (FT-IR) spectra of the Beechwood xylan and hemicellulosic xylan from MWS samples were obtained using Fourier transform infrared spectrophotometer (Thermo Scientific Nicolet iS5), operating at 4000-400 cm −1 spectral range with a resolution of 0.8 cm −1 using a KBr beam splitter, DTGS detector. Approximately 5 mg of finely ground dried samples were used for the FT-IR analysis.
Enzymatic Hydrolysis of the Commercial and Extracted Xylan for XOS Production
The XOS production using immobilised xylanase from commercial and extracted MWS xylan was carried out in batch process. All the reactions were incubated in a rotary shaker. A 2% (w/v) of the extracted xylan was diluted in sodium citrate buffer (50 mM, pH 4.8) at the amount necessary to achieve a final volume of 15 mL at a constant agitation speed of 200 rpm with 178 U of immobilised xylanase activities. The samples were withdrawn periodically, followed by the deactivation of the enzymes in boiling water for 10 min, and centrifugation at 10, 000×g for 10 min. The supernatants were withdrawn and subjected to quantitative analysis using highperformance liquid chromatography (HPLC).
XOS Quantification
The supernatants from the enzymatic hydrolysis products were analysed using the HPLC to determine the XOS production from the reaction of xylan extract from MWS with immobilised xylanase. The analyses were performed using Agilent instrument system equipped with a column of Rezex RSO-Oligosaccharides Ag + (4%) (200 mm × 10 mm, Phenomenex analytical column), coupling with a refractive index detector (RID) and eluted at 80°C. Ultrapure water was used as a mobile phase at a flow rate of 0.25 mL/ min, and 10 μL of filtered sample was injected by the auto sampler. The mobile phase was previously vacuum filtered using 0.22 μm nylon membrane filter and degassed in an ultrasonic bath for 30 min to remove any dissolved air. The concentration of each saccharide was quantified based on the construction of a calibration curve with a mixture of xylose and XOS standards (xylose, X1; xylobiose, X2; xylotriose, X3; xylotetraose, X4; xylopentaose, X5). The total XOS production (mg/mL) was calculated as (X1 + X2 + X3 + X4 + X5). Before the measurements, all the samples were filtered through 0.22-μm syringe filter. The above-mentioned compounds in the sample were identified and quantified by comparing their retention times to the respective standards. The results were presented as the average of a minimum of three replicates.
Reusability of Immobilised Xylanase for XOS Production from MWS
The reusability of the immobilised xylanase was investigated by carrying out a repetitive enzymatic hydrolysis process using the extracted hemicellulosic xylan from MWS. After completing each hydrolysis process, the insoluble immobilised xylanases were filtered and rinsed three times with buffer solution before being reused. The samples of every hydrolysis process were measured for total XOS using HPLC analysis. The percentage residual XOS production was calculated with reference to the first production as 100%.
Results and Discussion Lignocellulose Composition of MWS
The lignocellulosic composition analysis of MWS was investigated to determine the principal structural components according to the National Renewable Energy Laboratory (NREL) standard method [22] [23] [24] . The MWS with a moisture content of 3.89 ± 0.02 was found to contain (% w/w dry weight) 24.88 ± 0.57 of hemicellulose, 47.72 ± 0.05 of cellulose, 27.75 ± 2.02 of lignin, 4.40 ± 0.04 of extractives, and 0.16 ± 0.06 of ash (Table 1) . It was reported by Rafiqul and Sakinah [26] that the constituents of MWS comprised of 41.06 ± 0.03 of cellulose, 30.64 ± 0.07 of hemicellulose, 25.22 ± 0.05 of lignin, 29.22 ± 0.08 of xylan, 3.08 ± 0.05 of extractives and 0.43 ± 0.04 of ash. The value of each constituent was quite similar to the composition obtained in this study, though the small difference must be due to the different batch and sources of MWS used in the study. The composition of xylan in MWS makes it a potential material for high commercial value-added products such as xylooligosaccharides.
Hemicellulosic Xylan Extraction from MWS
The structure of hemicellulosic xylan from MWS was analysed using the FT-IR (Fig. 1) since it is an easy and quick tool for studying the structure and property of polysaccharides and the physiochemical and conformational property of carbohydrates [27, 28] . The physiochemical characterisation of raw materials is important and a multi-phased requirement for the selection and validation of that material to serve as a constituent of a product or development process of the product [29] . Other than that, it is used to identify wide functional groups present in a sample which befits to a signature molecule. Hence, the present study aimed to study the FT-IR spectra of the hemicellulosic xylan from MWS and compare it to the commercial xylan from Beechwood. Figure 1a , b shows the spectral pattern of MWS hemicellulosic xylan and commercial xylan from Beechwood after FT-IR spectroscopic analysis.
The absorbance band of the commercial xylan from Beechwood (Fig. 1a) ) as the commercial xylan and determined as the functional groups close to typical hemicellulose. The broad band between 3600 and 3000 cm −1 corresponded to the vibration of the hydroxyl groups [30] . The prominent absorption band at 3345 and 3355 cm −1 was attributed to the stretching of the hydroxyl (OH) groups present in the Beechwood xylan and hemicellulosic xylan of MWS as well as water involved in the hydrogen bonding. This band for the extracted hemicellulose from MWS appeared to be low in intensity compared to the commercial xylan and might be indicating less O-H groups present in the extracted sample which might as well be facing the difficulty of being dissolved. The absorbance around 1597.61 and 1592.53 cm −1 represents a noticeable amount of associated lignin in the hemicelluloses. The aromatic groups in the associated lignin were detected at the absorbance around 1526 cm
, indicating some residual lignin in the hemicellulosic fraction [31] . due to C-O, C-C stretching and the glycosidic (C-O-C) contributions which indicated the dominant xylan in the isolated hemicelluloses for both commercial and MWS-derived xylan [32] . The data obtained from the FT-IR analysis demonstrated that the extracted hemicellulose xylan from MWS was potentially applicable for XOS production. Despite that the branched structures in hemicelluloses caused the XOS production to have a variety of structures, some substitute units, particularly arabinose, linked to the xylan backbone and increased the possibility of producing other undesired products during the hydrolysis process [33] ; hence, the proper and efficient operating production should be chosen ideally. 
Production of Total XOS and Its Derivatives from Extracted Xylan from MWS and Commercial Xylan from Beechwood Using Immobilised Xylanase
The hydrolysis products of the extracted xylan from MWS and commercial xylan from Beechwood using immobilised xylanase were xylobiose (X2), xylotriose (X3), xylotetraose (X4) and xylopentaose (X5), collectively referred to as total XOS production. The hydrolysis products were analysed quantitatively using the HPLC. Figure 2 shows the time-course of the extracted and commercial xylan hydrolysis using immobilised xylanase for total XOS production after 60 h. The enzymatic hydrolysis of the extracted xylan from MWS as a substrate using immobilised xylanase yielded 0.36 mg/mL of total XOS after 60 h of hydrolysis. Meanwhile, 1.73 mg/mL of total XOS was produced when commercial xylan was used as a substrate in the hydrolysis. The total XOS produced from the commercial xylan was higher compared to the production from the extracted xylan. The difference in xylan purity between commercial and extracted xylan was attributed to their degradation process in producing XOS. The impurities such as lignin and other substances in the extracted xylan might be one of the factors that contributed to the poor accessibility of the enzyme to the substrate for degradation into products. The total XOS production from the commercial xylan was significantly increased throughout the hydrolysis process until 48 h but slightly increased after 60 h of hydrolysis, in contrast with the production of XOS from extracted xylan, where the increment was only significant after 8 h and the increment was slightly increased and insignificant at longer hydrolysis period (60 h). The increasing trends of XOS production were only observed at its early stage of hydrolysis for the extracted xylan due to the completed xylan substrate degradation into products compared to the commercial xylan with higher xylan purity. Therefore, the prolonging of the hydrolysis time (>12 h) for the extracted xylan is not necessary in economic and production terms. The production of total XOS from the extracted xylan could be improved by increasing the purity and substrate concentration in further studies. The derivatives of XOS with different degree of polymerisation (DP) containing xylobiose (X2), xylotriose (X3) and xylotetraose (X4) produced in the hydrolysis process are demonstrated in Fig. 3 . During the enzymatic hydrolysis, xylanase broke down the xylan chains randomly and released the oligosaccharides products with a wide DP distribution [34] . The lower DP of XOS from X2 to X4 was the preferred types of oligomers especially for food Fig. 2 Time course for total xylooligosaccharides production using free and immobilised xylanase from commercial and extracted xylan industry application [35] . Xylobiose (X2), xylotriose (X3), xylotetraose (X4) and xylopentaose (X5) were the derivatives of XOS produced from the commercial xylan. However, there was no detectable X5 from the degradation of the extracted xylan of MWS.
The utilisation of the commercial xylan for XOS production in the hydrolysis process demonstrated that the increasing trend of the amount of XOS with different DP was consistent over time as the amounts of X2, X3, X4 and X5 progressively increased until 48 h of hydrolysis (Fig. 3a) . However, a prolonged hydrolysis time (>48 h) reduced the amount of XOS. The amount of X3 and X4 increased from 0.04 and 0.03 mg/mL after 4 h to 0.78 and 0.42 mg/mL after 48 h of hydrolysis, respectively. The major XOS produced from the commercial xylan was mostly X3 and X4. In agreement with the reports of Maalej-Achouri et al. [16] and Ai et al. [36] , most of the immobilised xylanase can hydrolyse xylan to produce XOS with DP of 2-5. The major end product of XOS from xylan sourced from kenaf [37] and corncob powder [36] was X2 and X3. Besides, the lower DP of XOS from X2 until X4 was the preferable type of oligomers for application in the food industry [35] .
During the hydrolysis reaction, the utilisation of the extracted xylan from MWS released mainly X2 and X3 (Fig. 3b) , which was the major product of xylan degradation by xylanase enzymes. The results shown in Fig. 3b indicated that shorter chain or lower DP XOS (X2) was produced in the initial stage of the reaction at 8 h before decreasing and forming higher DP X3. A similar trend was observed for X4 where the production increased to 12 h before decreasing at longer hydrolysis time. However, the production of X3 was steadily increased throughout the hydrolysis time until 60 h. This can be concluded that production of X3 by the immobilised xylanase was more stable compared to the other DPs that change into higher DP after a prolonged hydrolysis time. Thus, the immobilised xylanase can advantageously be applied for the production of XOS, mainly X2 and X3 from MWS xylan.
Generally, the enzymatic hydrolysis process using xylanase did not produce by-products such as furfural and HMF; however, it could still produce undesirable amounts of xylose known as X1 that might be one of the factors that inhibited the production of XOS with high DP [13] . However, in this work, the production of xylose was not detected throughout the enzymatic hydrolysis process using substrate from commercial and extracted xylan, which was beneficial for the formation of XOS with higher DP. The non-detection of xylose in the process might be due to the insufficient time needed to hydrolyse the higher DP of XOS into xylose (X1). This was supported by Maalej-Achouri et al. [16] who reported that XOS with low DP can be hydrolysed to xylose in the later stages or longer time of hydrolysis. The difference in the performance of the commercial and extracted xylan possibly could be attributed to the difference in their purity, linkages and structures. The enzyme, xylan source and the hydrolysis conditions played a role in the variety of XOS production [11] . Besides, the substrate characteristics (crystallinity, pore size, molecular orientation, composition, degree of polymerisation and branching sites) played a role in the enzymatic hydrolysis and subsequent production of XOS [38] . The enzyme synergism [39] and adsorption [40] also influenced XOS production in the enzymatic hydrolysis. The production of XOS from different sources of xylan (agricultural waste) such as sugarcane bagasse, corncob, tobacco stalk, wheat bran and oil palm frond using commercial and free xylanases has been reported by many researchers. However, using immobilised xylanase for the XOS production, especially from a new hemicellulosic xylan extracted from MWS waste is a novel approach and new substrate that has not yet been reported. The MWS is a potential raw material for producing XOS due to its considerable amount of hemicellulosic xylan content as discussed in the previous results. The XOS production from hemicellulosic xylan of MWS by the reaction of immobilised xylanase was investigated in an attempt to ensure that the processes are more economical and efficient for industrial application. Moreover, using immobilised xylanase as a catalyst in the hydrolysis reaction could ensure the possibility of reusability and continuous process.
Reusability of Immobilised Xylanase for XOS Production from MWS
The reusability of immobilised xylanase for XOS production was further assessed by carrying out repeated batch hydrolysis process at 50°C. The XOS production from MWS retained about 70% of residual production on its second use (Fig. 4) . The immobilised xylanase for XOS production from MWS could be reused for three consecutive cycles, retaining 50% of its residual initial production. The loss of enzyme during the washing step of every cycle might be the reason for the decrease in the XOS production. The inactivation of the enzyme caused by the continuous use can also lead to the reduction in XOS production [41] . Other studies found that more than 60% of the enzyme activity was retained after third cycle and less than 50% of enzyme activity remained after the fourth round of reuse [18, 42, 43] . However, the study reported by Anwar et al. [44] showed a lower reusability efficiency by the retaining of only 35% of enzyme activity on its third cycle, and a complete loss of activity during the fourth cycle. Different methodologies and process conditions in producing the immobilised enzyme could affect its reusability and performance. The reusability potential of immobilised xylanase for XOS production from MWS in this study demonstrated a huge potential for its continuous production process in industrial scale and could be improved by optimising the immobilisation process and reaction conditions in future studies.
Conclusion
In our findings, MWS can be used as a promising alternative source of hemicellulosic xylan for XOS production by enzymatic hydrolysis. The ability of MWS to produce XOS demonstrated the potential of this new substrate. Instead of using free xylanase for the degradation of hemicellulose xylan to XOS, the immobilisation of xylanase offers a considerable amount of XOS produced with lower DP in the hydrolysis process. Moreover, the use of immobilised xylanase in XOS production enables the possibility of its recovery and reuse.
